Response to Referee #2
General Comments:

The scheme of turbulent mixing process of particles in the atmospheric boundary layer
directly influences the particle concentration predicted by the numerical models. In this
paper, the authors introduce a new scheme of turbulent diffusion coefficient, which is
different from that for scalars, to describe the turbulent mixing process of particles in
WRF-Chem model. The new scheme is only for stable conditions, while under unstable
conditions the scheme is not changed. The results show that the new scheme can
improve the prediction of particle mass concentration when compared to the output of
model using the original scheme. However, the physics behind the results seems
problematic. The numerical simulations show that the model using the new scheme
reduces the overestimated PM2.5 concentration simulated using the original scheme.
But the new scheme has a smaller turbulent diffusion coefficient (TDC) than the
original one. It means that the model using the new scheme should predict larger PM2.5
concentration than using the original scheme. I cannot understand why a smaller TDC
will lead to smaller PM2.5 concentration in the stable atmospheric boundary layer. So
I think the authors should make additional analysis on their simulation results and tell
us why a smaller TDC can result in smaller PM2.5 concentration under stable
conditions (I mean, the authors should tell us the real reason for the reduced PM2.5
concentration simulated using the new scheme). Additionally, in this paper the authors
provide some evidence to argue that the new scheme is reasonable for describing the
turbulent mixing process of particles. I think the evidence is not convincing. In Section
3 the analyses of observational data show that the behaviors of transport efficiencies
for heat and particle are different. But this result does not support the use of a smaller
TDC for turbulent mixing of particle. As for the discussions in Section 5, the provided
evidence does not tell us the physics that the model using the new scheme can have the
better performance in predicting the PM2.5 concentration under stable conditions. So I
think the presentation of this paper is not well done and the conclusions are

unconvincing. My recommendation is major revision.



Response:

We feel great thanks for your professional review work on our article. As you are
concerned, there are several problems that need to be addressed. According to your nice
suggestions, we have made extensive corrections to our pervious draft, and the detailed
corrections are listed below. Actually, we want to make a point, which is also the most
important point, that is, the turbulent diffusion coefficient (TDC) in the new scheme is
larger than that in the original scheme, not smaller. Therefore, using the new TDC will

lead to lower pollutant concentration in the stable boundary layer.
Specific Comments:

1) One of my major concerns is why the model using a smaller TDC can predict smaller
PM2.5 concentration under stable conditions. Egs. (2)—(5) give the new scheme of eddy
diffusivities (the authors call eddy diffusivity as TDC) for heat, momentum and particle
under stable conditions, in which the eddy diffusivity for particle K. is different to that
for heat K. Actually, the difference between K. and K; is embodied by the different Ri-
dependant functions, f. and f, as expressed in Eq. (5) and Eq. (3) respectively. The two
equations indicate that in the new scheme f. is smaller than f, (in the original scheme fc
is equal to f5, as expressed in Eq. (3)). Therefore the new scheme has smaller eddy
diffusivity for particle than the original scheme. To our knowledge, the smaller eddy
diffusivity means the weaker turbulent transport, which results in higher concentration
of air pollutant when other conditions are the same. However, the simulations in this
paper show that the model using the new scheme predicts smaller PM2.5 concentration
than the model using the original scheme. My question is why. I think it is the most
important issue in this paper. The authors should do additional analyses on the

simulation results to find the reasons and tell us what the reasons are.
Response:

Here, we would like to point out that the turbulent diffusion coefficient (TDC) of the
new scheme is greater than that of the original scheme, which can dispel your doubts.

We agree with you that the difference between K. and K is embodied by the different



Ri-dependent functions. Firstly, it can be seen from Figure R1 that the TDC of particles
is significantly greater than that of heat, especially in the eastern China. Then, we can
also find that the new TDC in the mountain area (i.e., indicated by red dotted rectangle
in Figure R1) is smaller than original TDC, because when the whole region is in stable
stratification, the complex terrain of the mountain area will disturb the flow field and
making the stratification in the mountain area more unstable. With the increase of
instability, the new TDC will be smaller than that of the original scheme (Figure 3 in
Jia et al., 2021, we mainly compare red (f:(Ri)) and black(f,(Ri)) two solid lines).
However, compared with the original scheme, the trend of the new TDC is a very good
phenomenon for us. We found that the pollutant concentration was not only
overestimated in eastern China by the original scheme, but also underestimated in
mountainous area of North China. what we expect is that the trend of the new TDC can
not only improve the overestimation of pollutant concentration in eastern China, but
also improve the underestimation of pollutant concentration in mountainous are of
North China. Unfortunately, the results are not as good as we expected. The increasing
turbulent diffusion significantly reduces the simulated pollutant concentration in
eastern China, but eh decreasing turbulent diffusion does not increase the pollutant
concentration in mountainous area of North China. Therefore, on the one hand, this
study proves that the main reason for the improvement of pollutant concentration in
eastern China is that the new TDC plays a critical role, and puts forward the advantages
of the new TDC in the model. On the other hand, we try to explain why the new TDC
in mountainous area is insensitive to the simulation of pollutant concentration. We
found that other processes may affect the change of pollutant concentration, such as
advection transport. The wind speed in mountainous area is relatively high, and the
pollutant concentration in the downwind area will be significantly affected when there

is an obvious pollutant concentration gradient in the upwind and downwind areas.
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Figure R1. Turbulent diffusion coefficients of (a-d) heat and (e-h) particles, and (i-1)

the difference between two turbulent diffusion coefficients.

2) In Section 3, the authors present the analytical results of correlation coefficients Ry,
Ry and Ry, we from observational data. They point out that the behaviors of turbulent
transport of heat and particle are different, as shown in Figs. 2b—2d. Thus they use these
results to support their choice of a different scheme of turbulent transport for particle
from that for heat. In think these results do not make sense. On the one hand, Figs. 2b
and 2c show that R, and R, are quite different under unstable conditions (i.e., in the

daytime), but the authors choose the same scheme of turbulent transport for heat and



particle. On the other hand, the behavior of R,. is not changed under both stable and
unstable conditions—the values of R, fluctuate around zero in the whole day as shown
in Fig. 2c¢, but the authors choose different schemes of turbulent transport for particle
under stable and unstable conditions respectively. As for the results show in Fig. 2d, I
do not know what the results mean and how to interpret them. In my opinion, Section
3 is not a necessary part for this paper, because the results in this section cannot provide
evidence to support the choice of a different scheme of turbulent transport for particle
from that for heat under stable conditions. Actually, the authors choose the new scheme
according to the results in Jia et al. (2021). They have cited the literature in this paper.

That’s enough. So I suggest the authors to delete this part, as well as Fig. S1.
Response:

We quite agree with you. According to your opinion, we have deleted this section and

enriched the following contents.

3) For the results shown in Fig. 6, the authors state in lines 217-222 “Theoretically,
increasing turbulent diffusion will reduce the pollutant concentrations near the surface-
layer, and the pollutants will be more fully mixing in the vertical direction, which results
in lower concentrations of pollutants in the near surface-layer and higher concentrations
of pollutants in the upper layer. Actually, the pollutant concentration is reduced in the
surface-layer and it is increased in the upper layer at night (Fig. 6), which is consistent
with the theory”. If the new scheme has a larger £, it is likely that these statements are
reasonable. However, the new scheme actually has a smaller f.. How to interpret the
results shown in Fig. 6? Of course, a smaller f. unnecessarily means a smaller eddy
diffusivity K.. As expressed in Eq. (2), if f- becomes smaller, while the wind shear
becomes much larger, we can still obtain a larger K.. Does the model using the new

scheme predict larger near-surface wind shear?
Response:

Actually, our new scheme has a larger f, so the simulation results are in line with the

theoretical expectations. Here, the turbulent diffusion coefficient depends on the



difference of f{Ri) function, as you mentioned before. The new scheme can not produce
larger wind shear, as we said, the new scheme will not change the simulation of
meteorological field. Consequently, we mainly explain the first problem clearly, and

the following problems can be solved easily.

4) In subsections 5.1 and 5.2 the authors emphasize that the meteorological parameters
and PBL height simulated by the new scheme are not changed when compared to those
simulated by the original scheme (They provide evidence shown in Figs. S2—S5). They
declare in lines 232-233 “noting that the new scheme does not alter the performance of
meteorological fields, which is an advantage of the new scheme”. They also declare in
lines 264-266 “The results of the simulation of pollutant concentration are improved
under the similar PBLH, which further demonstrates that the simulation of pollutant
concentration is not only controlled by the PBLH”. I think these evidence cannot help
us to know why the new scheme can reduce the overestimated PM2.5 concentration
simulated by the original scheme. Given the unchanged meteorological field as well as
PBLH, it seems that the reduced PM2.5 concentration can only be attributed to the new
scheme of TDC. However, if the meteorological field and PBLH are really unchanged,
the new scheme will have a smaller TDC and should predict larger PM2.5 concentration.
So I suggest the authors to provide additional information about the simulation results.
These information should tell us what are changed, as well as the relation between these

changes and changed PM2.5 concentration.
Response:

Here, we want to make one point: in the current WRF-Chem model, the turbulent
diffusion coefficient (TDC) of heat is used by all scalars, that is to say, the turbulent
mixing process of heat, water vapor and various pollutants depends on the TDC of heat.
Although the previous research is to change the TDC of heat to affect the simulation
results of one variable, it should be noted that changing the TDC of heat not only affect
the simulation results of one variable, but also of all scalars (Savijirvi et al., 2002; Du
et al., 2020; Liu et al., 2021). When the TDC of heat is changed, the simulation results

of one variable will be better, but that of other variables will be better. Therefore, we



propose to use the TDC of particles to calculate the turbulent mixing process of particle
separately. Then, the new scheme improves the simulation results of pollutant
concentration without affecting the change of meteorological field. As a result, the final
effect is attributed to the difference of turbulent diffusion. As we mentioned earlier, the
TDC of the new scheme becomes larger, which makes the simulation results of

pollutant concentration lower than that of the original scheme.

5) Following the above comment, the same situation exists in subsection 5.3. I think
the discussion about the influence of mountain terrain on the simulated PM2.5
concentration also cannot help us to know why the new scheme can reduce the
overestimated PM2.5 concentration simulated by the original scheme. Furthermore, I
do not understand the purpose of presenting the CO results in this subsection. Is the
TDC for CO the same as that for particle in the new scheme? If not, why can the CO

concentration be improved by the new scheme?
Response:

The main reason we mentioned the impact of topography is that some studies found
that the pollutant concentration was overestimated in Yangtze River Delta (Du et al.,
2020) and that was underestimated in North China Plain (Wang et al., 2018). However,
we found these two phenomena at the same time, and also found that the pollutant
concentrations in all regions of North China Plain were not underestimated. The
pollutant concentration of stations close to Tathang Mountain and Yanshan Mountain
was underestimated, while the pollutant concentration of stations far away from
mountainous area are still overestimated, especially in Tianjin (Fig. R2). Then, we
mainly discuss the influence of topography. Firstly, we found that the TDC of new
scheme is smaller than that of original scheme, because of unstable stratification.
Theoretically, smaller turbulent diffusion will lead to higher pollutant concentration, so
as to improve the underestimation of pollutant concentration around the mountainous
area. However, the change of turbulent diffusion in mountainous area has not
significantly improved the simulation of pollutant concentration. Therefore, we think

that the impact of other processes may be more obvious in mountainous area. Previous



studies using the process analysis found that in addition to the largest contribution of
emissions and turbulent diffusion, the contribution of advection transport can not be
ignored. Thus, we mainly consider the influence of advection transport in Section 5.3

(it has been changed to Section 4.3).

We introduce the simulation results of CO because we consider the secondary
transformation of PM2.5 and the influence of the chemical process. When we change
the turbulent diffusion, the simulation results of PM2.5 are improved, but whether that
of precursor is also improved. However, due to the limitation of observation data, we
do not have enough precursor observation data. So we use CO as a representative
species of primary pollutants to prove whether the concentration of primary pollutants

is also obvious affected by turbulent diffusion.
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Figure R2. The relative bias (%) between simulation and observation at all environment
monitoring stations and terrain height in Beijing-Tianjin-Hebei in (a) 2013, (b) 2014,
(c) 2015 and (d) 2017. Taihang Mountain and Yan Mountain are indicated by red text,
Beijing (BJ), Tianjin (TJ) and Hebei (HB) are represented by purple abbreviation and
the dividing line between overestimated and underestimated areas is indicated by a

white dashed line.

I have to say that the paper should be revised substantially. So I think there is no need
to give the technical comments. Compared to my major concerns listed above, the

technical problems are not important in the present stage.
Response:

Finally, thank you for your valuable comments. According to your comments, we have

made substantial changes to the structure and statement of the article.
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